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ABSTRACT

In this paper we report the on the state of effort
characterize Mars entry plasma as a potential work
fluid for on—board power generating systems, and a
chemical reactor medium for oxygen generation. The
use of Martian entry plasma can be augmented using
the concept of regenerative aerobraking may offer a
revolutionary approach for in situ power generation
and oxygen harvesting during the exploration missio
The on-board power conversion system concept is
based on a network of lightweight
magnetohydrodynamic power generators developed in
NASA LaRC and at ODU. The system consist of
several subsystems that would address the Oxygen
production and storage, utilize MHD cooling of
thermal shield, provide power by MHD conversion for
fluid cooling subsystem and heat redistributionato
resistive load to the rear of the spacecraft. Dedai
conceptual description of some of these systentseis
subject of present talk.

INTRODUCTION

The objective of the recently proposed
“regenerative aerobraking” technology is to capture
some of the abundant available kinetic energy of a
spacecraft as it enters the Martian atmospherd (D0
gigajoules) that would otherwise be wasted [1]. The
basic idea of this approach is to make use of the
ionized gas and intense heat generated in the le&hic
entry plasma for power conversion, effective héat f
distribution, and oxygen production. Fundamental
magnetohydrodynamic (MHD) physics principles
support the concept of placing magnetic field withi
the plasma in order to generate usable electrical
currents. We note that the term in situ resource
utilization (ISRU) has been mostly attributed to
Martian surface efforts, where power constraints
rendered use of plasma ineffective, although féasib
Most MHD concept devices require alkali seeding to
achieve the necessary level of electrical conditgtof
the flowing ionized gas for MHD power conversion.
Electrical conductivity of direct entry and aerdkirg

plasmas is already high enough and does not require
any seeding.

The paper is organized as follows. First we
describe briefly the properties of the Martian gntr
plasma for the case of direct entry. Aerobraking an
aerocapture maneuvers also involve still substiantia
mechanical energy loss in deceleration, and gemerat
highly ionized entry plasma and the studies ofrthei
parameters show that the same principles outlined i
this paper could be applied to the systems utiizhme
direct entry plasma. In the second section we dsscr
the magnetohydrodynamic power generator unit and it
use as the energy source to provide the necessary
energy for the system operation.

1. MARTIAN ATMOSPHERIC ENTRY PLASMA
CHARACTERISTICS

There are several possible maneuvres of
deceleration at Mars. Two of them have been
demonstrated — direct entry[2,3] and aerobraking][4
and the third, aerocapture, has been intensivatjiexd
[6,7]. Each maneuver has separate hypersonic
characteristics as they pass from the hyperbolic to
elliptical trajectories. Shock parameters in frofthe
entry vehicle change substantially and that afféioés
entry plasma. NASA’s Pathfinder and Viking Landers
found that the Martian atmosphere below 100km was
primarily composed of C® (95.32%) with minor
components of N(2.7%) and Ar (1.6%). In addition,
the landers observed the free stream density, ymesss
and temperature during the entry phase into the
atmosphere. This phase begins at approximately 180
km above the surface and lasts until the paractarges
deployed for landing, around 9 km, with a totalslked
time of approximately 120 s. The free stream
temperature measurements from the Pathfinder Lander
and Viking Landers 1 & 2 are presented in Fig. 1.
From the figure, we observe that the temperature is
very high in the upper atmosphere which most likely
caused by solar radiation. The temperature then
decreases with decreasing altitude reaching a mimim
at 80 km. According to Schofieldt al. [8], this
temperature minimum may be due to a superposition o



waves, such as thermal tides. These tides will
propagate from the lower atmosphere to higher
altitudes with increasingmplitude. After 80 km the
temperature once again begins to increase ti#latines

an average of about 220 K at the surface.
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Fig. 1. Temperature distributions in the Martian
atmosphere from Viking Landers 1 & 2, Pathfinder
Lander, the NASA Glenn model, an input to LAURA
model calculations, and our present model [9].

By reconstructing the entry trajectory of the
Martian probes, when we use the present model @e ar
able to develop an accurate portrait of all the
atmospheric phenomena faced by them. For instance,
Viking Lander trajectory at various stages covered
latitudes between 15 and 22 degrees, approximately

and longitudes between 300 and 310 degrees east.

Mars Pathfinder landing site was at®’®3and 338E.
All landings were made during the daytime.

There is additional uncertainty posed by the
latitudinal and longitundinal atmospheric condigpn
by seasonal and diurnal variations of temperattioe,
instance, data from Thermal Emission Spectrometer
(TES) suggest significant latitudinal dependence of
free stream temperature as shown in Figure 2. Mean
temperature at the longitude of 27@uring southern
hemisphere summer show relatively uniform behavior
up to about northern latitude of 3Worthern winter is
presented by a substantial reduction of temperature
above 30.

In order to effectively estimate electron density
and gas composition for Martian atmospheric entry
plasma (MAEP), we must construct a simple model for
the shock region in front of each probe during entr
For this model certain assumptions must be made: (1
the gas mixtures generated during entry are
thermodynamically perfect gases, (2) ionizationuosc
instantly behind the shock front, (3) the gas nriesu
are constant in the boundary layer behind the shock
front, and (4) gas parameters are defined by tee fr
stream parameters and the relations across thé.shoc
From these assumptions, we are able to calculate th
shock parameters, such as the temperature

T,=T 1+72(y 12) Aul 1[VAM +1]b @
(r+2)" Au
where A, = M(T)? sirf 8, S is the oblique shock angle,
and T is the atmospheric temperature from Fig. 1.
Employing Eq. (2) we calculated the temperature
across the shock front and present these resukggin
4. We observe that the temperature reaches a peak
average value of about 36000 K, 19000 K, and 13000
K for the Pathfinder, MER Opportunity, and Viking
Landers, respectively. These maximum values
occurred between 50 and 60 km above the surfaee. Th
shaded regions give us a range \@#lues for the
temperature. For example, the Pathfinder Landerahas
peak temperature of 36000 K + 2500 around 60 km. At
higher altitudes all the distributions become wider
since the atmosphere becomes less ddoseertainty
due to latitudinal variation of temperature is tielely
low in the regions near equator, which reflects
relatively minor error at low altitudes.
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Fig. 2. Temperature across the shock layer in the
MAEP. The shaded region is due to the uncertaities
the measured free stream temperature data [9],hwhic
reflects global and latitudinal variations of probe
trajectories.
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Martian air flow around the spacecraft can be
divided into two distinct regions that have varidexel
of equilibrium conditions. First, free atmosphere a
high altitudes is known to be weakly ionized. Itfa
spacecraft passes through a quite dense ionosphere,
which extends above 300 km. Measured vertical
electron and major ion density distribution in the
altitude range above 100 km is shown in Figure 3.
Most of ionization comes from solar UV radiation.
This is confirmed by the fact that the peak elettro
density depends on solar zenith angle, and by gtron
observed diurnal variations. However, the ionospher
still exists in the dark side, and there a higheleof
ionization is seen even at large zenith angless@p-
Explanations could include a possibility of large
amount of energy stored by photo-excitation and



cascade processes in the vibrationally and
electronically excited states of,@nd CQ and in the
much stronger ionizing radiation activity in théutied
atmosphere.
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Fig. 3. Measured free stream electron and ion
density variation with altitude.

High densities of charged particles are combined
with relatively low neutral density, so that in tkame
altitude range the degree of ionization varies f@oi
at 200 km to ~10 at 100 km. Therefore, the free
stream conditions are those of a diluted weaklyzieoh
gas in the state of strong non-equilibrium with the
average electron energy exceeding by two orders of
magnitude the gas temperature.

Second is the zone of interaction between the entry
plasma and the ionospheric gas. Presence of charge
particles from the both sides of the shock add Y6 U
radiation from the dense entry plasma and operma ne
set of processes that contributes to formation of
ionization wave behind the shock. In this zone the
equilibration of charged particle energy takes @land
kinetic description is a valid approach.

Characteristics of the free Martian atmosphere are
still being studies and detailed properties are not
known. It is know quite certain that most of regudir
seeding in the low velocity (5 km/s) maneuvers has
been actually provided naturally, by the space gihar
in the Mars ionosphere, and by photoionization
processes provided by the forward radiation of the
vehicle bow shock.

2. MHD POWER GENERATOR

Magnetohydrodynamic generator transforms
the energy of the plasma into electric power. THéIM
generator is particularly well suited for those
applications involving high power, high temperature
or both [11]. As illustrated in Figure 3, aerobraki
provides both. The material within the MHD generato
ionizes under these conditions. When the electamas
ions encounter a magnetic field, they are forcethéo
electrode corresponding to their polarity. The path
least resistance for the electron is to travel dhi®

anode, along the wire, through the load to recombin
with the ion on the cathode.

In the context of regenerative aerobraking,
two types of MHD power generators have been
studied. First, the traditionahternal MHD generator,
shown in Figure 4, consists of a duct down which th
gas flows, an arrangement of coils that produce a
magnetic field across the duct, and electrodesitbere
side that carry off the current. The power outputi
function of electron number density diNthe square of
the velocity (u) and the magnetic field strength, (fBe
crosssectional area of the duct)fand the interaction
length (L). In general, internal MHD generators have
an efficiency of about 25%. The advantage of the
internal MHD generator is that most of the ionized
plasma passes through the duct and interacts héh t
magnetic field and the electrodes. One challenge fo
implementing the internal concept within a spackcra
is that temperature-sensitive components need to be
shielded from the hot gas in the channel.

The second type of MHD power generator,
which was conceived during this project, does not
contain a duct. Coined amxternal MHD power
generator, this new type takes advantage of the
boundaries formed by the outer mold line of the
spacecraft and the shock layer just ahead of the
spacecraft. In concept, magnets just behind therout
wall of the spacecraft project the magnetic fiaitbi
the flow field to force the ions to hit the eledss
protruding out of the surface toward the shock laye
The advantage of the external concept is that rto ho
gases enter the spacecraft. The challenge of this
concept centers around the material selection Her t
electrodes, and the thermal protection system en th
front of the spacecraft.

As mentioned earlier, multi-pass orbits about
Mars allow longer time periods to extract powereTh
intent of regenerative aerobraking is to provide
resources to benefit operations on Mars after
maximizing the time spent in the atmosphere
generating power and extracting other resourdes, li
oxygen. This entails multiple passes through the
atmosphere, at velocities to produce sufficienttets
number densities, followed by the descent and tandi
The terminology of DL is used to define this orbit
approach, where “i” denotes the number of passes
(entries) before the eventual descent (D) and tandi
(L). The number of passes can be varied by changing
the ballistic coefficient. To generate these défar
cases, the ballistic coefficient was varied by diag
the presumed surface area of the vehicle. Foritke f
case, the area is presumed at?/ and is dropped by
one-half for each subsequent case. The resultinigsor
for three cases ofiBL are i = 3, 7, and 11. The
average entry properties are as follows: 1) vejocit
around 4.5 km/sec; 2) average atmospheric dersity i



8x10° kg/nv; and 3) average time in the atmosphet
550 seconds per orbit.

For the multipass cases for i = 3, 7, and
respectively, the totaimes spent in the atmosph
are 1881 seconds, 4390 seconds, and 7400 se
respectively. Although the velocities for thesees
are just below 5 km/sec, resulting in lower eleat
number densities than the direct entry case, thed!
power can bé&oosted by atmospheric seeding the fl
Based on these estimates, the energy that ce
generated per orbit is approximately 500 megajc
per 1 m of external MHD generator area. For ei
case, the number of passes can be increase
compensating forthe atmospheric drag occurri
during each pass. One way to compensate for the
is to perform aAv on the order of tens of meters |
second at apoapsis following each pass througt
atmosphere.

The proof-ofeoncept for this first step «
extractingenergy from the entry plasma has rece
been reported[10].A relatively simple laborator
supersonic plasma flow system was developed
Figure 4, operating at a flow velocity of M = 2.1 wi
gas composition and conditions simulating the Nax
atmasphere. A schematic of the model MHD gener
is shown in Figure 6 Compact SmC; permanent
magnets were used in the experiments with mag
field strength of 0.1T. The MHD generator produee
current of 150 mA at a voltage between the cu-
collecting electrodes of 3 V. The maximum pov
generated was close to 0.5 W, which converts
power density of 0.1 W/ch

The converted MHD power density scales
the square of flowvelocity and the square of tl
magnetic field strength at aiven pressure. The
Martian entry plasma flow velocity is approximatdly
= 20. Therefore, using stronger magnets of abou
field strength, the power density generated at isla
entry is expected to be at least of the order oW/M?,
and the harvested energpuld be at least of the ord
of 100 MJ/.
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Figure 4. Scheme of trepersonic flow discharg
experimental apparatexternal MHD generator moc
studies.
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Figure 6 Conceptual scheme of the MHD pov
generator model: (a) front view, and (b) side vi
Two permanent magnet coupons are imbedded

opposite polarityn a ceramic disc. The magnt

generate the necessary magnetic field that couyths
the plasma flow to form electric current tha
collected by two conductive plat

Lateral magnetic field distribution in front
the permanent magnetxdicates tat the model MHD
power generatocould achieve conversion at a dista
of 2 cm from the face of the permanent mag
coupons, or about 1 cahead of the Outer Mold Li,
with remaining 1 cnspent on thermal protection of t
magnets.

MHD power generatein a MHD generator is
given by [11]

1

P..= ZUeﬁsz2 (2)

m

where v is the direct component of flc
velocity, B is the lateral component of the magn
field strength from the cboard magnets, and the
effective electrical conductivity. is reduced from the
d.c. electrical conductivity by the ion slip factahat
depends on the configuration of the electro



The extractable MHD energy density was
estimated from the available data on Martian efitf}
and shown in Figure 7.
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Figure 7. Estimated maximum extractable MHD
energy from the Mars Pathfinder entry trajectory.

As seen from Figure 7, the extractable MHD
energy per 1 fof probe area depends on the magnetic
field strength so that, for instance, at B=0.2sIvialue

is about 250 MJ, depending on the electrode design.

Due to several adverse effects, including but not
limited to the ion slip, the scaling of power withe
square of lateral magnetic field strength is lidit®

the low magnetic field intensity. In the laboratory
supersonic discharge plasma in Martian stimulast ga
mixture, we were generating electron density afuab
5x10" cm® and the flow speed of about M = 2.
Average lateral magnetic strength was of the oader
0.1 T. For those conditions the model MHD generator
unit with front surface of 3 ciwas capable of
producing 0.45 W, or 1.5 kW/mWhen it is scaled up
to the direct entry conditions the estimated exédc
energy would be about 40 kWh. The estimated scaling
takes into account the unoptimized constructional
filling factor of permanent magnets.

Validation of MHD conversion concept in a
supersonic microwave flowing afterglow apparatus,
with an external MHD generator required an
innovative diagnostic approach. Conventional optica
methods for flow characterization could not be
applied due to too low static pressure range (0.5-3
Torr). More elaborate modern optical techniques
required equipment that was unavailable or
underdeveloped. Therefore, we had to rely on obptica
emission spectroscopy not only to determine plasma
parameters, but also to characterize the flow.
Accumulation of electronically excited states nier
shock layer and the consequent increase of spectral
line intensity is a convenient effect for the
development of a non-intrusive method for shock
wave characterization in the flow of rarefied iz
gas. This fact has remained unnoticed due to ttte fa
that most of the experiments in weakly ionized gas
were performed using a traveling shock wave. Very

few experiments with detailed diagnostics have been
reported so far on stationary shock.

Measurement of the collected current
presented another challenge, especially in the case
when bias was applied. Any direct measurement of
electric parameters is at least intrusive if notright
impossible. Therefore, we opted for developmerdrof
optical-coupling technique, using the correlation
between the current through a LED diode and tha lig
emission. Absence of current threshold in the light
source emission characteristics combined with tie w
dynamic range of the PMT detector, allowed for the
calibration of current over several orders of magite,
from microampere to milliampere range.

3. MARS ENTRY ISRU SYSTEM

Having previously demonstrated the basic concept
of MHD power conversion from plasma flow, in this
section we will address the challenges for on-board
generation of MHD power and for making use of this
power. Specifically, the objectives for this wonte @o
develop and to seek to validate the concepts for
following regenerative aerobraking subsystems:

1) Modular MHD generator matrix;

2) Electrical current distribution unit;

3) Active thermal shield cooling and entry
communication black-out mitigation
subsystem;

4) Autonomously powered subsystem for active
fluid-cooling of temperature sensitive
components;

5) Resistive load network for heat redistribution
over the spacecraft;

6) Oxygen harvesting and separation unit; and

7) Rigid, thermo-resistant inflatable container

for oxygen/carbon dioxide storage

1) Modular MHD generator matrix

In the proposed scheme, permanent magnets
will be organized in array modules together witle th
collecting (binning) electrodes as indicated in Urey
8a. Electrically, the individual generator unitsliviie
connected in parallel. The modular structure wil b
placed along meridian lines below the thermal shiel
The main tasks are to design the modules so tleat th
converted power is multiplied proportionally, to
determine the modular current output, and to determ
the spacecraft surface layer with temperature béhaw
magnet’s Currie point. In a separate effort, the of
lightweight electromagnets would be examined and
included in the conceptual designs.
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Figure 8a. Modular concept of the MHD generator
system. North poles of permanent magnets are
labeled in dark grey, and south poles in light grey
Black arrows indicate the current direction.
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Figure 8b. Sketch of the left side view of the MHD
generator module. Dimensions are not to scale.

Concept of the modular structure is illustrated
in Figure 8b. It is conceived that the magnets vl
positioned behind the thermal shield layer, and the
collection electrodes will face the plasniNb seeding
for enhancement of conductivity is assumed, sihee t
estimates of electrical conductivity in Martian mnt
plasma warrant ample current collection [10].

(2) Electric current distribution unit

The electric current distribution unit will
accept current from the MHD generating system and
control the distribution of electric power over the
spacecraft as schematically illustrated in Fig8ad.

Its experimental design will initially implement tery

power with the same power rating as the scaled up
module power based on the experimentally defined
value of 0.15 W/crat M = 2 flow and magnetic field
strength of 0.1 T. The proportionality of the corted
power to the square of flow velocity and the square
magnetic field strength, as well as the scaledtrtat
conductivity will be used to determine the design
parameters.

(3) Active thermal shield cooling and entry
communication black-out mitigation subsystem

For this complex and important subsystem, we
will develop concepts and components that explhat t
considerable opportunity to direct the spatial
organization of the entry plasma using locally
controlled MHD power conversion. The strength & th
ionization sheath that encapsulates the spacecaaft
be greatly reduced in specific areas as electrows a
ions are redirected by the magnetic field and retede
at the electrodes. Directing the spacecraft's
transmission signal through these areas of reduced
ionization, especially toward the back of the véhic
may enable communications during the entire entry.
Additionally, the feasibility of a similar approactill
be evaluated to stimulate future work in the
transmission of power off the spacecraft to a reei
where it can be stored or used elsewhere. Curremly
assets exist on Mars or its moons to allow thisoopt

(4) Autonomously powered subsystem for active fluid-
cooling of temperature sensitive components

Current thermal protection systems are sized
by regulating the temperature at the bond line betw
the heatshield and the backing structure that pesvi
structural stability to the aeroshell and payloatie
bond line near the stagnation region of the hemtich
is most at risk. Making use of the power generétgd
MHD conversion, it may be feasible to provide agtiv
cooling to this region. A cooling fluid (such as
liquefied gases that do not require cryogenics to
maintain) could be pushed through a capillary syste
that runs near the stagnation region and then kb co
parts of the spacecraft that can absorb the héats, T
the thermal load that is normally concentrated niear
stagnation region may be spread over a larger megio
reduce the thermal stresses on the bond line hear t
stagnation region.

(5) Resigtive load network for heat redistribution over
the spacecraft

The resistive load network serves to dissipate
the unused power generated by the MHD module. Its
design is based on the predefined requirementieof t
heat distribution over the spacecraft and the teldyy



of the lightweight resistive loads and lightweight
current connectors. The network includes distridute
load switches and interlocks that allow implemeatat

of automatic control of power distribution. The
network design naturally depends on the availgbdft
adequate space and mass load in the current spficecr
architecture.

6) Oxygen harvesting and separation unit

The elevated temperatures of aerobraking at
Mars temporarily free oxygen from the carbon diexid
in the plasma stream. As illustrated in Figured®, f
direct entry at Mars, the amount of oxygen in the
stagnation region is considerably greater thancdiny
the other molecular species found there. In théoreg
ahead of the spacecraft, oxygen makes up roughly 50
percent of the mole fraction, followed by carbon
monoxide comprising around 30 percent. Recognizing
this feature initiated a survey of oxygen filtratio
technologies, which led to a process called satide
electrolysis. For direct entry at Mars, the amoaht
oxygen in the stagnation region is considerablyaigne
than any of the other molecular species foundeth&r
survey of oxygen filtration technologies includeeel
candidates: (i) vacancy diffusion through nano-
crystallite solid oxide electrolytes, (ii) seleaioxygen
diffusion through silver, and (iii) oxygen sepaoati
through erbia stabilized bismuth. Besides, a nunatber
polymer and ceramic oxide materials that are cdgen
used in the fuel cell technologies may serve in the
oxygen preprocessing phases.

It has been known for decades that when the
cubic phase of ZrQ is doped by YO; the
concentration of oxygen vacancies in the cubic
crystallite is increased, which enhances selegtivel
oxygen ion mobility. The material is usually called
Yttria Stabilized Zirconia (YSZ) and has been wjdel
used as a solid electrolyte material in solid fuedls or
oxygen sensors. Early Mars ISRU research activity
considered this material as the primary candidate f
oxygen separation after thermal dissociation obear
dioxide [12,13].

The knowledge of YSZ and its properties have
been developed in several aspects since. It wasdfou
that the diffusion of oxygen is orders of magnitude
the interfaces of the nanocrystalline ZrQhat the
enhancing effect can be obtained by increasing the
number of interfaces, and that the tensile strauld
enhance oxygen diffusivity in YSZ by another selera
orders of magnitude [14-16]. Development of the
proposed oxygen separation system for oxygen
harvesting during aerobraking, or aerocapture
maneuvers could contribute to further improvenunt
this material.

The oxygen flux through a solid electrolyte
slab in x direction is given by Fick’s law [15]:

dN
oxygen flux ='Da = 'C(Ncontainer - NS)

(3)
where D is the total composite diffusivity of oxyge

N(x) is the oxygen number densityis the complex
quantity defining oxygen surface exchange on the
interface between plasma and solid electrolytg,Mer

is the number density of (molecular) oxygen in the
container, and Nis the number density of oxygen at
the exposed surface of the electrolyte. According t
[15], the electrolyte composed from nanoscale grain
exhibits simultaneously two types of oxygen
diffusivities, diffusivity through vacancies betweand
inside the grain structures,yDand the diffusivity
through the grain boundaries,g.DTotal composite
diffusivity is then given by

D =(1—-f)Dy+ fDg 4
where f =26/d is the volume fraction of grain
boundaries ~ 0.5 nm is the grain boundary, and
d~= 100 nm, is the grain diameter. Although the volume
fraction is of the order of 0.01, boundary diffugvis
found to be the dominant mechanism leading for an
order of magnitude increase in the composite
diffusivity D.

Measurements using tracer oxygen ion [15]
resulted in a more quantitative information on the
oxygen flux through YSZ. The necessary diffusiwtie
are well fitted by the Arhenius plots

Hy
DV = Dvoe—kT (5)
_Hp
Dp = Dpoe kT (6)

where the diffusivity constants are

Dyo =8.0 x 107" m? /s,
and
Dpo =2.0 x 107> m?/s.

whereH, = 1.11 eV is the activation enthalpy for
volume diffusion, anddz = 0.91 eV is the activation
enthalpy for grain boundary diffusion. These valags
for 7-15% molar content of )D;. At lower values of
%mol the diffusivity was reported lower [17].
Oxygen surface exchange coefficient is
defined by [15]
K=1.4x10"2e 113eV/kTl 1 /g 7
Oxygen diffusivity through YSZ may depend
strongly on the tensile strain. Kushima and Yilfi5]
have calculated that thdighest enhancement of
diffusivity in 9%-YSZ compared to its unstrainectst



is 6.8x10 times at 4% strain and at 400 K. At higher
temperature the effect falls exponentially, to abdai

at 1000K. According to our estimate, given in FiyOr
the tensile strain effect substantially modifies
temperature dependence of total diffusivity. If yen
and validated this property may lead to the engblin
technology for oxygen separation.
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Figure 9. Diffusivity of oxygen through vyttria
stabilized zirconia: volume diffusivity (dashed din
diffusivity with addition of nanocrystallite inteate
effect (solid line); total diffusivity of 4% stragu
material (thick solid line).

Most of the research effort on these ionomers
have been devoted to only a small number of mageria
notably the ethylenes, styrenes, rubbers, and those
based on poly(tetrafluoroethylene). Naffas one such
example of a poly(tetrafluoroethylene) based ionome
From its development by DuPont in the 1960s, =g ha
etched applications in liquid and gas separatifun,
cells, and the chlor-alkali industries. Becauseitsf
superior combination of thermal and chemical
resistance, ion-exchange properties, selectivity,
mechanical strength, and insolubility, nafion ishea
popular material for fuel cell membrane design.

Traditional use of quartz frit is to hold
catalysts during the chemical processes involving
volatile materials. Also, we have suggested qufaitz
as a high-temperature preconditioning device far ou
RF discharge-based dust filtration system. Howeiver,
our work on production of §'A) we have successfully
used quartz frit to capture water molecules and OH
radicals [18], although it decreased by 50% thevflo
rate of the system. By analogy, @O and @ should
have much lower permeation rate through quartz frit
than oxygen and therefore should have a favorable
extracting characteristics. We are currently prieyar
testing the material in the context of a different
program and the results of testing will be ava#abl
before decision on this project is made.

Dense erbia-stabilized bismuth oxide has been
a very promising ion conductor. In a composite
containing Ag it has superior oxygen permeability a
lower temperatures compared to YSZ [19]. Its

operating temperature range is between 900 K and
1100 K. Oxygen permeation flux is close td16m?s

! for a 230um membrane at temperature 1025 K and
pressure of about 42.5 Torr [19]. Part of the raaso

in the fact that bismuth oxide conducts oxygen
molecular ions as opposed to YSZ, which conducts
atomic oxygen ions. Therefore, much of attention in
the future oxygen separation studies will be dedate
this and similar compounds.

Doped perovskite (Lag A«Coyy MOz,

A =Ca, Sr, Ba; M = Co, Fe, Cu, Ni) membranes have
shown simultaneous occurrence of ionic and eleitron
conductivity [20], which makes them good candidates
for catalyst in additional oxygen production in
interface regions. At full density, the membrane is
selectively permeable to oxygen. Oxygen diffusion
coefficient can be as high asa@nfs’, leading to
attainable oxygen flux of the order®@o 10° cm?s™
Operating temperatures are rather high (1100-1300 K
which may not be a setback in this application.

Adsorption of atomic oxygen on the silver
membrane surface in the upstream region is relgtive
large, which makes the oxygen exchange coefficient
relatively large in comparison with YSZ.  Our
experimental results have indicated that a relbtive
dense and thin atomic oxygen layer was formed en th
silver surface [21,22]. It is assumed that the fdage
formed due to strong sticking property of atomic
oxygen on the silver surface. Some studies [23,24]
suggested a strong dissociation of oxygen moleanes
an Ag surface at a temperature close to 900 K befor
the oxygen adsorption process. The large
concentration of atomic oxygen at the surface m tu
increases the rate of oxygen permeation through the
membrane.

Atomic oxygen recombines to form oxygen
molecules on the other side of membrane in the down
stream region. The rate of that process is facsoaty
oxygen molecules are detected by the mass
spectrometer. Our measurements indicate that oxygen
diffusivity is about 1G cnfs?, corresponding to the
maximum oxygen flux of 1§to10"" cm“s™.

In view of the many advantages and setbacks
of the groups of materials to be used in oxygen
separation, we have proposed a standardized
experimental setup that will measure oxygen flux at
same physical conditions and same geometry from a
set of materials. The scheme of the cell is shown i
Figure 10. In addition to serving a test bed foygen
separation materials, it will also help in the desin
the actual oxygen separation devices.



Figure 10. Oxygen separation test cell: A — diffunsi
membrane, H — heater, F - thermal shield, K - &s$n
spectrometer/inflatable oxygen container, P — to
pressure gauge, J - Martian entry simulant mixture
(in/out),.

(7) Rigid, thermo-resistant inflatable container for
oxygen/carbon dioxide storage

Special attention will be given to tests with
inflatable containers to establish a data matrix fo
oxygen storage conditions. Contacts with current
suppliers of the inflatable structures will be maale
determine the best available candidate for a rigid,
thermo-resistant, inflatable oxygen container that
operates effectively at mass flow rates of the Mars
entry plasma. The container must be minimally
intrusive, shaped so that it produces minimal aoldlit
of the drag and does not affect the motion durimgye

4. CONCLUDING REMARKS

Kinetic energy of Mars Pathfinder was about
15.2 GJ, as mentioned in the Introduction. Basethen
loss in velocity, Mars Pathfinder lost about 92.5%
that energy during the plasma-sustaining entry @has
that is about 14 GJ, approximately. It is interggtio
note that an ideal MHD generator with fully ionized
entry plasma, and a magnetic field of 1T could eshv
more than 7 GJ of heat released. Therefore the MHD
generator absorbs more than 50% of the kineticggner
loss. That means that the heat transferred to ribieep
can be reduced by at least 50%. MHD conversion
could be therefore acting not only as the power
generating, but also as the cooling process.

We estimate that total mass of the permanent
magnets should be no more than 10 to 20 kg persqua
meter of exposed surface. This is 1.5 to 3% ottdke
mass of Mars Pathfinder and presents a favorable
trade-off for the reduction of heat transfer and
extraction of reusable energy. Although use of
permanent magnets has proved successful in the
laboratory experiment, their further implementation

requires proper thermal shields. In this aspect,
electromagnets could be considered as an alteenativ
especially in view that the optimal magnetic field
strength in the entry plasma is time dependenttiamel
response of permanent magnets may not be fast
enough.

Converted power distribution presents
additional challenge. In the first stage, the omboa
systems can be designed to use the converted pgower
perform a few usefull utility services, such asiaxt
cooling, redistribution of heat and powering oxygen
separation devices. Martian entry plasma refletgtivi
does not allow transmitting the power from the
spacecraft, but elaborate concepts of rigid infita
containers and structures pulled in the wake could
provide the enabling technology.

Using a relatively simple laboratory plasma
flow system, we have demonstrated extraction of
MHD power. The extracted power density is limitgd b
the size of the external MHD generator models, land
the flow velocity. Compact SmG@ermanent magnets
were used in the experimergsiccessfully. Change of
chemical composition of the Martian air plasma was
confirmed. Taking into account the scaling factor due
to difference in velocity and ionization, we wergea
to validate the concept by extracting the scalpbleer
density.
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